Summary. The molecular requirements for ethylene action were investigated using the pea straight growth test. Biological activity requires an unsaturated bond adjacent to a terminal carbon atom, is inversely related to molecular size, and is decreased by substitutions which lower the electron densitv in the unsaturated position. Evidence is presented that ethylene binds to a metal containing receptor site. 002 is a competitive inhibitor of ethylene action, and prevents high concentrations of auxin (which stimulate ethylene formation) from retarding the elongation of etiolated pea stem sections. It is suggested that CO2 delays fruit ripening by displacing the ripening hormone, ethylene, from its receptor site. Binding of ethylene to the receptor site is also impeded when the 02 concentration is lowered, and this may explain why fruit ripening is delayed at low O. tensions.
Summary. The molecular requirements for ethylene action were investigated using the pea straight growth test. Biological activity requires an unsaturated bond adjacent to a terminal carbon atom, is inversely related to molecular size, and is decreased by substitutions which lower the electron densitv in the unsaturated position. Evidence is presented that ethylene binds to a metal containing receptor site. 002 is a competitive inhibitor of ethylene action, and prevents high concentrations of auxin (which stimulate ethylene formation) from retarding the elongation of etiolated pea stem sections. It is suggested that CO2 delays fruit ripening by displacing the ripening hormone, ethylene, from its receptor site. Binding of ethylene to the receptor site is also impeded when the 02 concentration is lowered, and this may explain why fruit ripening is delayed at low O. tensions.
Several gases in addition to ethylene elicit the triple response in etiolated seedlings, and the concentration of each requlired to produce a just discernible effect has been determined (9, 25) . Included are propylene, butylene (isomer unknown), acetylene, and CO. Since these vapors also substitute for ethylene in causing epinasty (9, 10), fruit ripening (11, 27) , and other effects (8, 9, 29) , it would appear that the molecular requirements for biological action are similar in each case. We have attempted to delineate these requirements using as an assay for ethylene action the effect which the gas has on the growth and tropistic behavior of etiolated pea stem sections.
Materials and Methods
Peas (Pisum sativum, var. Alaska) were soaked in water for 5 hours and germinated in moist vermiculite. The seedlings developed in darkness at 230 receiving an occasional exposure to dim red illumination, and were used on the seventh day. Sections 10 mm long were cut from the third internode just below the leaf hook and incubated in a medium containing 1 uM indole-3-acetic acid (IAA), 2 % sucrose (w/v), 0.05 M potassium phosphate buffer (pH 6.8) , and 5 ptM CoCl in glass distilled water. Ten ml of media and 10 sections were placed in a 125 ml Erlenmeyer flask, this was sealed with a vaccine cap, the gas phase ad-'This investigation was supported by research grants EF-00214 and EF40078&2 from the United States Public Health Service, Division of Environmental Engineering and Food Protection, and was carried out while S. P.
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Award 1-K3-GM-6871 from the USPHS. justed as described below, and the tissue slowly shaken at 230 in the dark. After 3 hours the sections were visually scored in red light for curvature and 15 hours later the gas phase was analyzed by gas chromatography before the tissue was removed, blotted dry, weighed and measured. Details of the procedure have been published elsewhere (4).
Gas Chromatography and Preparation of Gas
M&ixtures. All gases were chromatographed on a 3 foot alumina column to determine whether ethylene or other low molecular weight contaminants were present. The instrument, a Perkin-Elmer flame ionization detector-Cary Model 31 electrometer combination, could detect a few ppb ethylene in a 5 ml air sample. If a gas was contaminated several 5 ml samples of it were pturified by passage through the alumina column, or a shorter length of column packed with alumina or silica gel in the case of compounds with retention times much greater than that of ethylene. A stream splitter inserted between the column and detector diverted about 95 % of the desired chromatographic band which was collected by displacement of water. This sample was recovered admixed with No carrier gas in a ratio of about 1: 4 and an aliquot of the mixture was analyzed to assure its purity and determine the exact proportions of N. and sample. Then a measured amount of the mixtture was added to the air phase above the tissue by injecting it through the vaccine cap. When high concentrations were required about half of the air in the flasks wvas removed before a measured amotunt of the mixture was added, followed by a known v:olume of 02, and enough N2 to restore atmospheric pressure. In this way mixttures containing 20 % O.,, up to 15 % sample gas and the balance No were prepared.
CO., was chromatographed on a 1 foot silica gel column, and analyzed with a thermal conductivity detector. To adjust the CO2 level in the gas phase above the tissue 20 ml of air was removed from the sealed container, an appropriate amount of CO2 added, and air readmitted until atmospheric pressure was restored. The CO, concentration was checked at the start and conclusion of the incubation, and the pH of the media at the end by injecting pH indicator dye into the flask. The initial O2 content was adjusted by flushing the sealed flasks with N2 for several minutes to instate anaerobic conditions, after which a measured amouint of N2 was removed and the same volume of O2 added. The 02 concentration was determined at the start and finish of the incuibation by means of gas chromatography, using a 6 foot 5A molecular sieve column and thermal conductivity detector.
As a measure of respiration (except when CO2 was added) the CO2 content of the flasks was determined by gas chromatography at the end of the incubation period. If an effect on respiration was indicated or if it was particularly important to determine whether any had occurred, 02 consumption and CO2 produiction were measured using a Warburg respirometer.
Determination of Henry's Law Constants. The Henry's law constants for many of the gases sttudied in these experiments are not available, so a simple procedure was devised to determine them. A 125 ml flask (A) and a 1000 ml flask (B) were sealed with vaccine caps and their volumes calibrated. Into (A) was injected 10 ml of distilled water and a 0.3 ml gas sample, the flask was shaken for an hour, and the concentration of gas in the air phase determined by gas chromatography. Flask (A) was then inverted and 5 ml of water removed with a hypodermic syringe. This was injected into (B), the flask shaken for an hour, and the concentration of gas in the air phase determined. Because the vapors tested are relatively insoluble in water, and since the volutme of the air phase in (B) is very large by comparison to that of the liquid phase, at equilibriuim essentially all of the gas is fouind in the air phase. Therefore the amouint of gas dissolved in 5 ml of the liquid phase of (A) is equlal to the total gas content of the air phase in (B), and by comparing this value to that for the concentration of gas in the air phase of (A) the Henry's law constant was calcuilated. Reliability of the proceduire is evidenced by the fact that experimentally determined values for ethylene (0.80 X 107) and acetylene (0.0985 X 10 ) at 230 are within a few percent of published figuires (20 (1, 15, 26) , and therefore we have adopted them without modification. It is assuimed, although not proven, that the specific terminology employed (16) has the same meaning in the present phvsiological context as it does in the stu(ly of enzyme kinetics.
Results

Discussion and Conclusions
The morphogenetic changes which occur when ethylene is present during the pea straight growth test have been described in detail (4), and are only briefly reviewed here. W-ithin the first few hours of the assay, before the gas begins to retard elongation, control sections curve by about 30°w hereas segments exposed to ethylene remain straight. Subsequently ethylene treated sections begin to swell, and ultimately they elongate 50 % less than controls. Both elongation and cuirvature display the same dependence upon ethylene concentration, half-maximum inhibition resulting when ethylene is present at a concentration of about 0. (9, 25) . Several of these compounds were also tested in the banana ripeniing assay and it was fotind that 10 times the half-maximal concentration shown in derivative has the lowest bond order and highest dipole even though it has the smallest size. Electron delocalization may also alter the activity of alkyl substituited alkenes and alkynes since both undergo hyperconjugation; alkenes to form (-) CHXCH = R(+) and alkynes to (-): CH = C -R(+). However, the hyperconjugated form does not contribute very strongly to the structuire of the alkyl sutbstituted olefines so their dipole is low, between 0.3 and 0.4 debye units, in contrast to values in excess of 1.4 debye units for the vinyl halides. Assumiing that the biological activity of these unsaturated compouinds is inverselJ related to their dipole (a measure of electron delocalization) the order of activity should be approximately opposite to that based on a consi(leration of molecular size alone. \Ve suggest, therefore, that the observed activity is a compromise between these opposing tendencies and that both steric interference with the approach to the double bond and a lowering of the electron density in the double bond reduce biological activity. The low activity of butadiene relative to I-buitene could then be attributed to extensive electron delocalization throughouit the conjiugated system of buitadiene, and the closely similar activities of methyl acetylene and allene might reflect not only nearly identical sizes, but also the fact that the hyperconjuigated form of methyl acetylene has a strulcture which superficially resembles that of allene.
D) The unsaturated position must be adiacenlt to a terminal carbon atom. This is indicated by the activity of 1-buteile as contrasted with the behavior of cis and trans 2-butene. Presumably in spite of the favorable position of its douible bond isobuitene is inactive because of extensive steric hindrance. Since acetoinitrile is completely inactive, whereas methyl acetylene is highly active, it would appear that nitrogen will not substitutte for the carbon adjacent to the double bond. Acetonitrile undergoes extensive hyperconjugation however, and this also might explain its inactivity.
E) The terminal carbon must not be positively charged. This requirement is suggested to account for the activitv of CO and inactivity of formaldehyde. The resonance form (-) :C = O( +) contriibutes to the strLucture of CO, overcoming the inherent polarity of the C-0 bond to yield a molecule in which there is a slight negative charge on the carbon. The polaritv of the carbonyl group in formaldehyde cauises its carbon to be strongly positive in charge.
Evidence th(at Biological Activ'ity Requires Metal Binding. The ability to form complexes with metals is a property of unsatutrated aliphatic compoutnds which is lacking in other aliphatic and all but a few aromatic molecules. The bonding in the complex is influienced by the availabilitv of electrons in the filled r-orbitals of the unsaturated compound, and also by the ease of overlap of these orbitals with those of the metal as determined by (24) proposed that CO., interferes wvith the action of ethylene. At the molecular level stuch an interactioni is not difficult to envision becauise CO, is a close structtural analogule of allene, a compound which substitutes for ethylene in hoth the pea growth aIndI fruiit ripening assays: O -C = O HC = C = CHI, HC --H., carbon dioxide alleine ethylene Since CO, possesses the essential strletuiral featuires needed for ethylene action, except that it lacks the terminal carbon atom ailel is negatively charged on 1)oth ends, might it not act as a competitive inhibitor of ethylene actioni? To test this possibility the growth of pea stem sections -was stuidied in the presence of differinig concentratioins of CO., and ethylene. AVith ethylene omitted, Co., did not affect growth except that concentratioins greater than 10 % caused a progressi-e inhibition which was not accoulnte(d for by a pH change in figure 1 shows 1/Vm to be independent of (I) -so that the behavior of tissue at an infinite concentration of ethylene (1/A = 0 can be predicted by the lower dashed line. FIG. 3 ( loN-er) . Reinstatement (21) ; ethylene induced epinasty is not expressed at high concentrations of CO, (13) ; and fruit ripening is hastened by ethylene and delayed by CO9 (23, 34) . It has recently been reported that the elongation of etiolated pea and sunflower stem sections is inhibited at stupra-optimal IAA concentrations not becautse of any direct action of autxin but because of auxin-induced ethylene production (4) . If this is truie CO., should be able to reinstate growth at high concentrations of auxin, and the data in figure 3 shows this to be the case. CO,, is highly effective in reversing the inhibition of elongation caused by 5 um IAA, and becomes progressively less effective at higher auxin levels because it cannot counteract the action of more than a ppm ethvlene (fig 1) , the ethylene content of the tissue at 50 JuM IAA (4) . Similarly, CO2 reinstates aulxin inhibited growth in pea roots (7) , and it has been demonstrated that auxin inhibits growth in this tisstue by inducing ethylene formation (7) (24) proposed that 0., depletion might interfere with the production and action of ethylene. This suiggestion is stupported by the observation that fruiits evolve less ethylelne (6) 4 and(i 7 show I/Vn3 to be independent of (S) so that the behavior of the tis.sue at all inifinite concenitrationi of ethylene (1/A -0) caln be l)redicted by the low-er dashed line. Kg, the Michaelis-Menlteni constanit for 0,, has a value of 40 ju.m (2.8 % in the gas phase), which is comparable tc v-alues reported for n-iany other oxidases (33) but considerably higher than that for cytochrome oxidase (33) . 
